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Real-time monitoring of mesangial cell–macrophage cross-talk
using SEAP in vitro and ex vivo.
Background. Macrophage–mesangial cell interaction plays
a crucial role in the pathogenesis of glomerulonephritis. We
established a novel system for continuous, real-time monitoring
of cross-talk between macrophages and mesangial cells in vitro
and ex vivo.
Methods. Rat mesangial cells were genetically engineered
to produce secreted alkaline phosphatase (SEAP) under the
control of the nuclear factor-jB (NF-jB) enhancer elements.
The established sensor cells were exposed to macrophages or
macrophage-derived factors, and the level of SEAP production
was evaluated.
Results. In vitro, the established cells expressed and secreted
SEAP when exposed to activated macrophages or to cytokines
produced by macrophages. The kinetics of SEAP activity in cul-
ture media was closely correlated with the expression level of
SEAP mRNA. The sensor cells also secreted SEAP in response
to media conditioned by macrophage-accumulating, inflamed
rat glomeruli. When the sensor cells were transferred adop-
tively into rat glomeruli subjected to acute anti-Thy 1 glomeru-
lonephritis, the isolated glomeruli containing sensor cells se-
creted SEAP rapidly and progressively.
Conclusion. These data suggested that the established system
provides simple and useful tools for monitoring of cross-talk be-
tween macrophages and mesangial cells in vitro and ex vivo. This
approach would be useful for investigation of molecular mech-
anisms involved in mesangial cell–macrophage interaction and
also for screening of therapeutic agents that efficiently inter-
fere with the link between infiltrating leukocytes and resident
glomerular cells.
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Monocytes/macrophages play a crucial role in the gen-
eration of various glomerulonephritis [1]. Under patho-
logic situations, activated macrophages elaborate a va-
riety of inflammatory mediators and stimulate resident
cells, leading to initiation and progression of glomeru-
lar injury [2]. In particular, activation of mesangial cells
is essential for mesangial proliferation and matrix ex-
pansion, the typical pathologic features of prolifera-
tive glomerulonephritis. Using a technique for in vivo
transfer of genetically engineered macrophages, we pre-
viously demonstrated that, within glomeruli, activated
macrophages induce expression of activation markers
in resident glomerular cells and that this effect was de-
pendent on activation of nuclear factor-jB (NF-jB) in
macrophages [3–6]. Using techniques for macrophage
depletion and adoptive macrophage transfer, a recent
report also provided direct evidence showing that acti-
vated macrophages trigger mesangial cell proliferation
and proteinuria. [7]. From this viewpoint, monitoring of
macrophage–mesangial cell cross-talk is important for
evaluation of activity of glomerulonephritis as well as for
understanding of mechanisms underlying glomerular in-
jury. In this report, we aimed at creating a novel system
that allows for continuous, real-time monitoring of cross-
talk between macrophages and mesangial cells in vitro
and ex vivo. For this purpose, a sensor mesangial cell line
was created by using the jB enhancer element as a molec-
ular sensor and secreted alkaline phosphatase (SEAP) as
a reporter molecule. Because activated macrophages re-
lease various molecules that trigger activation of NF-jB
in resident cells, the jB site can be used as a sensor se-
quence for macrophage–mesangial cell interaction.
SEAP, originally reported by Berger et al [8], has been
used for monitoring activity of known or putative en-
hancer/promoter elements in vitro. Normally, alkaline
phosphatase is not secreted, but the recombinant SEAP
derived from placental alkaline phosphatase is efficiently
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secreted from transfected cells. In SEAP-transfected
cells, the level of SEAP activity detected in culture me-
dia is directly proportional to changes in intracellular
SEAP mRNA [8, 9]. This property allows SEAP to serve
as a quantitative reporter for gene expression. As a re-
porter gene, SEAP has several important advantages
over other reporter molecules including chlorampheni-
col acetyltransferase, luciferase, green fluorescent pro-
teins, and b-galactosidase. Because preparation of cell
lysates is not required, it is possible to monitor the activ-
ity of certain promoters/enhancers continuously using the
identical cell cultures. Assaying SEAP activity using cul-
ture medium is faster, easier, and less expensive than as-
saying other reporter enzymes. Using chemiluminescent
assays, detection of SEAP activity is extremely sensitive
[10]. Unlike endogenous alkaline phosphatases, SEAP is
heat-stable and resistant to its inhibitor L-homoarginine
[9]. The influence of endogenous alkaline phosphatases
can be eliminated completely by preheating the sample
at 65◦C and assaying in the presence of L-homoarginine
without affecting the SEAP activity.
To establish a system for continuous monitoring of
macrophage–mesangial cell interaction, we stably intro-
duced the SEAP gene into mesangial cells under the
control of the jB enhancer elements. Our data demon-
strated that the established systems are useful for in
vitro monitoring of macrophage–mesangial cell cross-
talk and also for ex vivo monitoring of their interaction
within nephritic glomeruli where macrophages play cru-
cial, pathogenic roles.
METHODS
Reagents
Human recombinant interleukin-1b (IL-1b) and hu-
man recombinant tumor necrosis factor-a (TNF-a)
were generous gifts of Otsuka Pharmaceutical Co. Ltd
(Tokushima, Japan) and Dr. Katsuo Noguchi (Teikyo
University School of Medicine, Tokyo, Japan), respec-
tively. 12-o-tetradecanoylphorbol-13-acetate (TPA) was
purchased from Sigma-Aldrich Japan (Tokyo, Japan),
human platelet-derived growth factor (PDGF)-BB was
from Perro Tech, Inc. (Rocky Hill, NJ, USA), forskolin
and lipopolysaccharide (LPS) (Escherichia coli 0111)
(B4) were from Sigma Chemical Co. (St. Louis, MO,
USA), and MG132 was from Peptide Institute (Osaka,
Japan).
Cells
Clonal mesangial cells (SM43) were established from
isolated renal glomeruli of a male Sprague-Dawley rat
and identified as being of the mesangial cell phenotype as
described before [11]. The normal alveolar macrophage
cell line NR8383 [12] derived from a Sprague-Dawley
rat was a gift from Dr. Seishiro Hirano (National In-
stitute for Environmental Studies, Tsukuba, Japan).
Cells were maintained in Dulbecco’s modified Ea-
gle’s medium (DMEM)/F-12 (Gibco-BRL, Gaithersburg,
MD, USA) supplemented with 100 U/mL penicillin G,
100 lg/mL streptomycin, 0.25 lg/mL amphotericin B, and
5% to 10% fetal bovine serum (FBS). Medium containing
1% FBS was generally used for studies.
Stable transfection
Using a calcium-phosphate coprecipitation method
[13], mesangial cells (passage 10 to 15) (5 × 105 cells) were
transfected with pNF-jB-SEAP (5 lg) (BD Biosciences,
Palo Alto, CA, USA) together with pcDNA3.1 (1 lg)
(Invitrogen, Carlsbad, CA, USA) that encodes neomycin
phosphotransferase gene. pNF-jB-SEAP encodes SEAP
under the control of 4 copies of the jB enhancer element.
Stable transfectants were selected by 330 lg/mL G418,
and a clone with the highest SEAP inducibility was se-
lected and used for studies. We designated this sensor
clone as SM/NF-jB-SEAP5. The mesangial cell pheno-
type of this clone was confirmed by positive staining for
a-smooth muscle actin (a-SMA) and Thy 1.1 using an
anti-a-SMA monoclonal antibody (1:300 dilution) Sigma
Chemical Co.) and an anti-Thy 1.1 monoclonal antibody
1-22-3 (1:100 dilution) [14]. Using the same method,
SM/CRE-SEAP15 cells were established by transfection
of mesangial cells with pCRE-SEAP (BD Biosciences)
together with pcDNA3.1. pCRE-SEAP encodes SEAP
under the control of three copies of the cyclic adeno-
sine monophosphate (cAMP) response element (CRE).
Mock-transfected mesangial cells expressing neo alone
were established by transfection with pcDNA3.1. Stably
transfected cells between passage 20 and 35 were used
for experiments.
Pharmacologic treatments
Sensor mesangial cells were stimulated by 1 pg/mL to
20 ng/mL IL-1b for 0.5 to 24 hours, and the cells and
culture media were subjected to Northern blot analysis
and SEAP assay, respectively. To examine selectivity of
the sensor cell response, cells were exposed to stimula-
tors of the NF-jB enhancer element, IL-1b and TNF-a
(20 ng/mL and 250 U/mL, respectively); a stimulator of
the TPA response element (TRE), TPA (50 ng/mL); a
stimulator of CRE, forskolin (10 lmol/L); and a stimu-
lator of the serum response element (SRE), PDGF-BB
(20 ng/mL).
Northern blot analysis
Total RNA was extracted by a single-step method [15],
and Northern blot analysis was performed as described
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before [16]. Expression of glyceraldehyde-3-phosphate
dehydrogenase (GAPDH) was used as a loading control.
SEAP assay
Activity of SEAP in conditioned media was evalu-
ated by a chemiluminescent method using Great EscAPe
SEAP detection kit (BD Biosciences). In brief, 5 lL of
conditioned media were mixed with 15 lL of 1 × dilu-
tion buffer and incubated at 65◦C for 30 minutes. Af-
ter the incubation, the samples were mixed with 20 lL
of assay buffer containing L-homoarginine, left at room
temperature for 5 minutes and then added with 20 lL
of chemiluminescent enhancer containing 1.25 mmol/L
CSPD chemiluminescent substrate. After incubation in
dark for 30 minutes, the samples were subjected to assays
using a luminometer (Gene Light 55) (Microtech Nition,
Funabashi, Chiba, Japan). Assays were performed in trip-
licate or in quadruplicate.
Coculture study
NR8383 macrophages were activated with LPS (1
lg/mL) for 6 hours. After washing twice, the LPS-
stimulated macrophages (1 × 105 cells) were seeded onto
confluent cultures of SM/NF-jB-SEAP5 cells (1 × 105
cells) pretreated with or without MG132 (25 lmol/L)
(an inhibitor of NF-jB) in 24-well plates. After 24 hours,
cells and media were collected and subjected to Northern
blot analysis and SEAP assay. For the time-course experi-
ments, activated macrophages were added to SM/NF-jB-
SEAP5 cells, and media were collected every 12 hours.
Culture media were replaced with fresh media every
12 hours. After 4.5 days, cocultures were treated with
G418 (500 lg/mL) for 7.5 days to kill macrophages. Acti-
vated macrophages were then added again to SM/NF-jB-
SEAP5 cells, and media harvested every 12 hours were
used for SEAP assay.
Cross-feeding study
Cross-feeding studies were conducted as follows. Con-
ditioned media were prepared from isolated normal and
nephritic rat glomeruli [17]. To create the latter, anti-
Thy 1 glomerulonephritis was induced by a monoclonal
antibody 1-22-3 [14] in adult male Sprague-Dawley rats
(body weight 250 to 300 g), as described previously [11].
In this experimental model, marked accumulation of
macrophages is observed within 24 hours and sustained
for at least 1 week [14]. Four days after the antibody in-
jection, glomeruli were isolated (1 × 104) and incubated
for 24 hours in 1 mL of culture media containing 1% FBS.
Then, the media were collected and used for cross-feeding
studies. SM/NF-jB-SEAP5 cells and SM/CRE-SEAP15
cells were exposed to 1:4 diluted (25%) conditioned me-
dia for 24 hours, and culture media were harvested for
SEAP assay.
Ex vivo experiment
SM/NF-jB-SEAP5 cells (1 × 106) were trypsinized and
injected into the normal and nephritic rat kidneys sub-
jected to anti-Thy 1 glomerulonephritis (day 1), as de-
scribed before [11]. Immediately after the cell transfer,
glomeruli were isolated from both kidneys by using the
conventional sieving method [18] and incubated ex vivo
in medium containing 1% FBS. Culture media were col-
lected every 4 hours and subjected to SEAP assay. Assays
were performed in triplicate.
Statistical analysis
Assays were performed in triplicate or quadruplicate.
Data were expressed as means ± SE. Statistical analysis
was performed using the nonparametric Mann-Whitney
U test to compare data in different groups. P < 0.05 was
considered to be a statistically significant difference.
RESULTS
Characterization of sensor mesangial cells
To create sensor mesangial cells that report the effec-
tor action of bystander macrophages, rat mesangial cells
were stably transfected with pNF-jB-SEAP, and SM/NF-
jB-SEAP5 cells were established. We first tested whether
or not the sensor cells are able to respond to proin-
flammatory cytokine IL-1b that is abundantly produced
by activated macrophages. SM/NF-jB-SEAP5 cells were
stimulated with IL-1b (0 to 10 ng/mL) for 24 hours, and
Northern blot analysis was performed. Before the stimu-
lation, the sensor cells exhibited very low levels of SEAP
mRNA. When stimulated by IL-1b , expression of SEAP
was induced in a dose-dependent manner at concen-
trations higher than 100 pg/mL (Fig. 1A). Consistently,
SEAP assay on culture media revealed that SEAP activ-
ity was increased after the exposure to IL-1b . Significant
induction of SEAP activity was detected at 100 pg/mL
[38,263 ± 2130 relative light unit (RLU) vs. 3875 ± 149
RLU in untreated control) (means ± SE) (P < 0.05), and
the response increased dose-dependently (Fig. 1B).
Kinetics of SEAP expression and SEAP secretion by
the sensor cells was examined. When stimulated by IL-
1b , substantial induction of SEAP mRNA was observed
within 30 minutes (Fig. 2A). The level of SEAP mRNA
increased up to 6 hours and then reached a plateau at
least until 24 hours (data not shown). Under the same
experimental setting, rapid secretion of SEAP was ob-
served within 4 hours (threefold) (Fig. 2B). The activ-
ity of SEAP was increased continuously up to 24 hours
(Fig. 2C). Neither induction of SEAP mRNA nor increase
in SEAP activity was observed in mock-transfected
mesangial cells exposed to IL-1b (data not shown).
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Fig. 1. Dose-dependent induction of se-
creted alkaline phosphatase (SEAP) by
interleukin-1b (IL-1b). SM/NF-jB-SEAP5
cells that produce SEAP under the control of
the jB enhancer elements were seeded into
24-well plates (1 × 105 cells/well) and treated
with IL-1b at indicated concentrations for
24 hours. (A) Levels of SEAP mRNA were
examined by Northern blot analysis. Expres-
sion of glyceraldehyde-3-phosphate dehydro-
genase (GAPDH) is shown at the bottom as
a loading control. (B) Culture media were
subjected to SEAP assay, as described in the
Methods section. Assays were performed in
quadruplicate. Data were presented as mean
± SE. Asterisks indicate statistically signifi-
cant differences (P < 0.05).
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Fig. 2. Kinetics of secreted alkaline phos-
phatase (SEAP) induction following expo-
sure to interleukin-1b (IL-1b). SM/NF-jB-
SEAP5 cells were seeded into 12-well plates
(2 × 105 cells/well) and treated with IL-1b
(20 ng/mL). Cells and culture media were
collected at time points indicated. (A) Ex-
pression of SEAP mRNA was examined by
Northern blot analysis. Activity of SEAP in
culture media was examined during short pe-
riods (B) and long periods (C). Assays were
performed in quadruplicate. Data were pre-
sented as mean ± SE. Asterisks indicate sta-
tistically significant differences (P < 0.05).
To examine specificity of the response of the estab-
lished sensor cells, SM/NF-jB-SEAP5 cells were exposed
to various stimuli, including TNF-a (stimulator of the jB
enhancer element (250 U/mL), TPA (stimulator of TRE)
(50 ng/mL), forskolin (stimulator of CRE) (10 lmol/L),
and PDGF (stimulator of SRE) (20 ng/mL), as well as IL-
1b and TNF-a (stimulators of the jB enhancer element).
Northern blot analysis revealed that, in contrast to dra-
matic induction of SEAP by IL-1b and TNF-a, the sen-
sor cells responded neither to TPA, forskolin, nor PDGF
(Fig. 3A). Consistently, increase in the level of SEAP ac-
tivity observed by IL-1b and TNF-a was not detected in
the cells exposed to TPA, forskolin, or PDGF (Fig. 3B).
Reversibility of the response in the sensor cells was
examined. The sensor cells were stimulated with IL-1b
for 24 hours and then incubated in media in the pres-
ence or absence of IL-1b for additional 24 hours. As
shown in Figure 4A, withdrawal of IL-1b attenuated the
level of SEAP mRNA. It was consistent with the signifi-
cant down-regulation of SEAP activity in culture media
[47,142 ± 3146 RLU in (+) ≥ (−), 14,295 ± 1504 RLU in
(+) ≥ (−)] (P < 0.05) (Fig. 4B).
Monitoring of macrophage-mesangial cell interaction
To investigate whether the established sensor cells
are able to report effector actions of bystander
macrophages, coculture studies were performed. NR8383
rat macrophages were prestimulated with LPS for 6 hours
and seeded onto confluent cultures of SM/NF-jB-SEAP5
cells. After 18 hours, expression of SEAP mRNA and
activity of SEAP in culture media were evaluated. As
shown in Figure 5A, dramatic induction of SEAP mRNA
was observed in the sensor cells exposed to activated
macrophages. Similarly, marked induction of SEAP ac-
tivity was observed in culture media of the sensor cells
cocultured with activated macrophages (80,318 ± 2365
RLU with macrophages vs. 2075 ± 82 RLU without
macrophages) (P < 0.05) (Fig. 5B). This induction was
completely abrogated by the treatment with a NF-jB
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sponses. SM/NF-jB-SEAP5 cells were seeded
into 6-well plates (5 × 105 cells/well for
Northern blot analysis) or 24-well plates
[1 × 105 cells/well for secreted alkaline
phosphatase (SEAP) assay], and treated
with interleukin-1b (IL-1b) (20 ng/mL), tu-
mor necrosis factor-a (TNF-a) (250 U/mL),
12-o-tetradecanoylphorbol-13-acetate (TPA)
(50 ng/mL), forskolin (10 lmol/L), or platelet-
derived growth factor (PDGF)-BB (20
ng/mL) for 24 hours. (A) Levels of SEAP
mRNA were examined by Northern blot
analysis. (B) SEAP activity in culture me-
dia. Assays were performed in quadruplicate.
Asterisks indicate statistically significant dif-
ferences against the value of untreated control
(P < 0.05).
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Fig. 4. Reversibility of sensor cell responses. Cells were seeded into 24-
well plates and treated with interleukin-1b (IL-1b) for 24 hours. Cells
were then washed and incubated in media in the presence [(+) ≥ (−)]
or absence [(+) ≥ (−)] of IL-1b for another 24 hours. (A) Levels of
secreted alkaline phosphatase (SEAP) mRNA examined by Northern
blot analysis. (B) SEAP activity in culture media. Assays were per-
formed in triplicate. An asterisk indicates a statistically significant dif-
ference (P < 0.05).
inhibitor MG132 (782 ± 141 RLU). Exposure of the
sensor cells to unstimulated macrophages also induced
modest expression of SEAP mRNA and SEAP secretion
(data not shown). It is due to the fact that unstimulated
NR8383 cells show basal expression of proinflammatory
cytokines including IL-1b [3, 6]. Culture media of acti-
vated macrophages alone did not exhibit any SEAP ac-
tivity (data not shown).
Using this method, continuous monitoring of mesan-
gial cell–macrophage cross-talk was attempted. The sen-
sor cells were exposed to LPS-stimulated macrophages,
and culture media were collected every 12 hours. Culture
media were replaced with fresh media every 12 hours.
As shown in Figure 6, the SEAP activity rapidly in-
creased within the initial 12 hours and peaked at 24 hours
(147,468 ± 9688 RLU vs. 2288 ± 72 RLU before stimula-
tion). The activity of SEAP was gradually declined there-
after. At day 4.5, cocultures were treated with G418 (500
lg/mL) for 7.5 days to kill macrophages selectively. Then
the sensor cells were again exposed to LPS-stimulated
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Fig. 5. In vitro interaction between macrophages and sensor mesangial
cells. NR8383 macrophages (M) were prestimulated with lipopolysac-
charide (LPS) (1 lg/mL) for 6 hours and seeded (1 × 105 cells/well)
onto confluent cultures of SM/NF-jB-SEAP5 cells (1 × 105 cells/well)
pretreated with (+) or without (−) an inhibitor of nuclear factor-jB
(NF-jB), MG132 (25 lmol/L). After 18 hours, cells and media were sub-
jected to Northern blot analysis (A) and secreted alkaline phosphatase
(SEAP) assay (B). Assays were performed in triplicate. Asterisks indi-
cate statistically significant differences (P < 0.05).
macrophages at day 12. Like the first response at day 0 to
1, similar induction of SEAP was observed at day 12 to 13
following the second exposure to activated macrophages
(Fig. 6). The magnitude of the response was higher in the
second exposure, probably due to increase in cell number
during the culture of the sensor cells for 12 days. Through-
out the experiments, viability of the sensor cells was con-
served well, even after addition of macrophages or G418.
To examine whether the established sensor cells are
able to perceive inflammatory mediators released from
macrophage-accumulating, inflamed glomeruli, cross-
feeding studies were performed. Conditioned media were
prepared by isolated normal rat glomeruli and nephritic
rat glomeruli subjected to anti-Thy 1 glomerulonephritis
(day 4). SM/NF-jB-SEAP5 cells and SM/CRE-SEAP15
cells were exposed to 1:4 diluted (25%) conditioned me-
dia for 24 hours, and culture media were collected for
SEAP assay. As shown in Figure 7A, the sensor cells
(SM/NF-jB-SEAP5) exposed to nephritic-conditioned
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Fig. 6. Kinetics of macrophage-mesangial
cell interaction. Macrophages (M) were
prestimulated with lipopolysaccharide (LPS)
for 6 hours and added onto confluent cultures
of SM/NF-jB-SEAP5 cells. Culture media
were collected every 12 hours and subjected
to secreted alkaline phophatase (SEAP) as-
say. The cultures were fed with fresh me-
dia every 12 hours. After 4.5 days, cocultures
were treated with G418 (500 lg/mL) for 7.5
days to kill macrophages selectively. Acti-
vated macrophages were then added again to
SM/NF-jB-SEAP5 cells, and media harvested
every 12 hours were used for analysis of SEAP
activity. Assays were performed in triplicate.
Asterisks indicate statistically significant dif-
ferences (P < 0.05) against day 0. Double as-
terisks indicate significant differences (P <
0.05) against day 12.
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Fig. 7. Responses of sensor cells to me-
dia conditioned by isolated normal and
nephritic glomeruli. SM/NF-jB-SEAP5 cells
and SM/CRE-SEAP15 cells that secrete se-
created alkaline phosphatase (SEAP) under
the control of the cyclic adenosine monophos-
phate (cAMP) response elements (CRE)
were seeded into 96-well plates (1.5 × 104
cells/well). These cells were exposed to 1:4
diluted (25%) media conditioned by isolated
normal (normal GCM) or nephritic glomeruli
subjected to anti-Thy 1 glomerulonephritis
(nephritic GCM) for 24 hours. Medium con-
taining 1% fetal bovine serum (FBS) was
used as “control medium.” (A) SEAP activ-
ity in culture media from SM/NF-jB-SEAP5
cells. (B) SEAP activity in culture media from
SM/CRE-SEAP15 cells. Assays were per-
formed in quadruplicate. Asterisks indicate
statistically significant differences (P < 0.05).
GCM, glomerulus-conditioned medium.
media exhibited substantial increase in the level of SEAP
secretion (21,663 ± 1191 RLU vs. 4375 ± 413 RLU in
control). Modest increase in the level of SEAP was also
observed in the sensor cells exposed to normal glomeru-
lar conditioned media (9665 ± 678 RLU). In contrast,
SM/CRE-SEAP15 cells that secrete SEAP under the con-
trol of CRE did not show any increase in SEAP secretion
in response to conditioned media prepared with normal
and nephritic glomeruli (Fig. 7B).
To further confirm that the established sensor cells
are able to perceive inflammatory mediators within
macrophage-accumulating, inflamed glomeruli, the sen-
sor cells were transferred into glomeruli of normal and
nephritic rat kidneys subjected to anti-Thy 1 glomeru-
lonephritis (day 1). Immediately after the cell transfer,
glomeruli were isolated from both kidneys and incubated
ex vivo in medium containing 1% FBS. Culture media
were collected every 4 hours and subjected to SEAP
assay. Consistent with the results of cross-feeding, both
normal and nephritic glomeruli transferred with sensor
cells secreted SEAP in a time-dependent manner (Fig. 8).
The secretion of SEAP from nephritic glomeruli was
significantly higher than that from normal glomeruli at
8 hours (7014 ± 498 RLU in nephritic glomeruli vs. 2978
± 110 RLU in normal glomeruli) (P < 0.05) and 12 hours
(11,758 ± 1876 RLU in nephritic glomeruli vs. 5074 ± 403
RLU in normal glomeruli) (P < 0.05). In contrast, secre-
tion of SEAP was not observed in normal and nephritic
glomeruli isolated from cell-uninjected, contralateral
kidneys.
DISCUSSION
Macrophage-resident cell interaction plays a crucial
role in the process of glomerulonephritis. To estab-
lish systems for continuous monitoring of cross-talk
between macrophages and resident cells, we created
a sensor mesangial cell line genetically engineered to
produce SEAP under the control of the jB enhancer
elements. The established sensor cells secreted SEAP
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Fig. 8. Ex vivo monitoring of macrophage–mesangial cell interaction
within nephritic glomeruli. SM/NF-jB-SEAP5 cells (1 × 106) were in-
jected via the left renal artery into normal and nephritic rat kidneys
subjected to anti-Thy 1 glomerulonephritis (day 1). After the cell trans-
fer, glomeruli were isolated from both kidneys and incubated ex vivo
in medium containing 1% fetal bovine serum (FBS). Culture media
were collected every 4 h and subjected to secreted alkaline phosphatase
(SEAP) assay. Assays were performed in triplicate. normal (−), normal
right kidney without cell transfer; normal (+), normal left kidney with
cell transfer; nephritic (−), nephritic right kidney without cell trans-
fer; nephritic (+), nephritic left kidney with cell transfer. Single as-
terisks indicate statistically significant differences against normal (−)
(P < 0.05). Double asterisks indicate statistically significant differences
against both nephritic (−) and normal (+) (P < 0.05).
in response to proinflammatory cytokines produced by
macrophages. When these cells were exposed to activated
macrophages directly, dramatic induction of SEAP se-
cretion was also observed. The activation of NF-jB by
macrophages was transient (i.e., the activity increased
rapidly during the initial 24 hours, and then declined
gradually). When the sensor cells were again exposed
to activated macrophages, similar responses were re-
produced. The response of the sensor cells to acti-
vated macrophages is due to neither LPS bound on the
surface of macrophages nor nonspecific, direct mesan-
gial cell–macrophage contact. It is because cross-feeding
with conditioned medium from activated macrophages
could mimic and reproduce the effect of coculture with
activated macrophages (our unpublished observation).
Cross-feeding studies revealed that the sensor cells were
able to secrete SEAP in response to soluble factors re-
leased from macrophage-accumulating glomeruli. Cell
transfer studies demonstrated that the sensor cells se-
creted SEAP within nephritic glomeruli where activated
macrophages were present. Possible candidates that trig-
gered activation of the sensor cells to secrete SEAP are
proinflammatory cytokines (e.g., IL-1b and TNF-a) and
reactive oxygen intermediates, both of which are abun-
dantly produced by activated macrophages and induce
activation of NF-jB in various cells [19, 20]. These data
demonstrated that the established system provides simple
and useful tools for continuous monitoring of cross-talk
between macrophages and mesangial cells in vitro and ex
vivo.
Our previous studies using cross-feeding, coculture
and adoptive macrophage transfer showed that the
macrophage–mesangial cell interaction could be evalu-
ated by using, for example, Northern and Western blot
analyses of some inflammatory mediators as indicators
[3–6, 16, 17, 21]. However, there are several technical
limitations in these approaches. First, in coculture and
macrophage transfer studies, it is difficult to identify
the cell type responsible for the expression of indica-
tor molecules, if those molecules are expressed in both
mesangial cells and macrophages. Second, the regulation
of indicator molecules is often different from molecule to
molecule. The different kinetics of indicators often causes
difficulty in interpreting data. Third, many analytic sys-
tems, including Northern and Western blot analyses, re-
quire lysis of cells and cannot allow for successive, minute
analysis of cellular interaction using identical cultures.
The major advantage of our established system is that it
enables continuous, real-time monitoring of cell-cell in-
teraction using small volumes (5 lL) of culture medium.
The second advantage of the system is easiness and quick-
ness of the assay. Activity of SEAP can be evaluated
easily and quickly (within 1.5 hours) by using conven-
tional chemiluminescent systems. No special equipments
are required other than a simple luminometer. The third
advantage of the established system is that the responses
to stimuli are very quick. In the established sensor cells,
for example, obvious induction of SEAP mRNA was de-
tectable within 30 minutes, and increase in the SEAP ac-
tivity in culture media could be detected within 4 hours.
The established sensor cells were able to secrete SEAP
in response to factors produced by inflamed glomeruli
in vitro and ex vivo. These results indicate a possi-
bility that creation of local sensors using the estab-
lished cells may be useful for continuous monitoring
of glomerular inflammation. Using the CArG box el-
ement (SRE) as a sensor and b-galactosidase as a re-
porter, we previously demonstrated that, locally cre-
ated, genetically engineered sensor cells can express
transgenes in response to nephritic, glomerular mi-
croenvironments [13]. However, this approach has some
limitations for the in vivo monitoring of local inflamma-
tion. First, b-galactosidase is not a secreted protein, and
its activity cannot be evaluated without tissue biopsy. It
is obviously not suitable for continuous monitoring of
local disease activity. Second, promoter activity of the
CArG box element is weak, and transgene expression
driven by this element cannot achieve sufficient levels of
serum marker proteins. We created mesangial cell lines
SM/CArG-SEAP that express SEAP under the control
of the CArG box elements. Compared with SM/NF-jB-
SEAP cells, SM/CArG-SEAP cells exhibited higher basal
levels and only limited inducibility of SEAP in response
to stimuli (our unpublished data). In contrast, the estab-
lished sensor cells SM/NF-jB-SEAP showed low levels
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of basal SEAP activity and high levels of induction in
vitro. This result indicates that, using the established sen-
sor cells and the technique for adoptive cell transfer [11,
13], activity of glomerulonephritis could be monitored
continuously via blood sampling without renal biopsy.
CONCLUSION
We established a sensor system for continuous, real-
time monitoring of cross-talk between macrophages and
mesangial cells in vitro and ex vivo. This approach would
be useful for investigation of molecular mechanisms in-
volved in mesangial cell–macrophage interaction and also
for development of therapeutic agents that efficiently in-
terfere with pathologic link between resident cells and
macrophages during the course of glomerular inflamma-
tion.
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